Novel podophyllotoxin xyloside derivatives 8 to 11 were synthesized and evaluated for their cytotoxicities against a panel of 5 human cancer cell lines (HL-60, SMMC-7721, A-549, MCF-7, SW480) using [3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide] assays. These derivatives showed good to moderate activities, with compound 9 having an IC 50 value of 4.42 μM against the A-549 cell line. Overall, compound 9 might be a promising candidate for further development.
Podophyllotoxin (1, Figure 1 ) is a lignan isolated from the roots and rhizomes of Podophyllum hexandrum and P. peltatum 1 and shows strong cytotoxic activity against various cancer cell lines through inhibiting microtubule assembly. 2 The poor water solubility and unacceptable toxic side effects of podophyllotoxin have limited its application as a drug in cancer chemotherapy. 3 Many derivatives of podophyllotoxin have been developed for clinical use as antineoplastic agents. For example, the 2 semisynthetic glucosidic cyclic acetals of podophyllotoxin, etoposide (2) and teniposide (3) , are in clinical use for the treatment of a variety of malignancies, including lung cancer, lymphomas, and Kaposi's sarcoma. 4 However, their therapeutic uses are often hindered by problems such as poor bioavailability and drug resistance.
More recently, the glycoconjugates of small molecule anticancer drugs have become an attractive strategy in order to improve drug efficacy and pharmacokinetics and reduce side effects. [5] [6] [7] In our earlier study, we reported the synthesis and cytotoxicities of a group of per-butyrylated glycoside derivatives of podophyllotoxin (eg, 4, Figure 1 ). 8 We found that derivatives with per-butyrylated glycosides (D-glucose/Dgalactose/D-mannose/D-arabinose/L-rhamnose/maltose/ lactose) generally displayed higher activities, but the per-butyrylated xyloside derivatives of podophyllotoxin are still not known. Mani et al reported that the xyloside derivatives reduce tumor growth both in vitro and in vivo. [9] [10] [11] In addition, butyrate is a well-known histone deacetylase (HDAC) inhibitor and its anticancer effect shows promising therapeutic potential. 12 Reported here are the chemical synthesis of xyloside derivatives of podophyllotoxin and their in vitro cytotoxicities against the 5 human cancer cell lines: HL-60 (leukemia), SMMC-7721 (hepatoma), A-549 (lung cancer), MCF-7 (breast cancer), and SW480 (colon cancer).
The novel xyloside derivatives of podophyllotoxin 8 to 11 were synthesized according to the synthetic route shown in Scheme 1. 2,3,4-Tri-O-butyryl-α-D-xylopyranose (6) was prepared with 60% yield by the treatment of D-xylose (5) with iodine and butyric anhydride followed by treatment with ammonia solution (25%) in acetonitrile. 13, 14 The preparation of 4′-demethylepipodophyllotoxin (7) involving a similar method has been reported in the literature. 15 Then, compound 6 was allowed to reacted with compounds 1 and 7 in the presence of boron trifluoride•etherate (BF 3 •Et 2 O) at -78°C to give the per-butyrylated xyloside derivatives 8 and 9 of podophyllotoxin with 57% to 62% yields. 8 These products were treated with sodium methylate in methanol at room temperature for 2 hours to yield podophyllotoxin xyloconjugates 10 and 11 in good yields (70%-72%). The chemical structures of the synthesized compounds were characterized by 1 H-NMR and 13 C-NMR, electrospray ionization mass spectrometry (ESI-MS), and high-resolution mass spectrometry (HRESIMS).
To evaluate the cytotoxicity we used the [3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) method. 16 The podophyllotoxin derivatives 8 to 11 were tested for their cytotoxicity against 5 cancer cell lines. Etoposide and cisplatin were taken as positive control drugs. Their activities were expressed by the IC 50 value (concentration of drug inhibiting 50% cell growth) and the cytotoxicity data are presented in Table 1 . As can be seen from Table 1 , compounds having a free xylose residue (compounds 10 and 11 having IC 50 > 40 µM) show weak activity, while compounds 8 and 9 show good cytotoxicities against all cancer cell lines tested, and were observed to be less toxic to the human bronchial epithelial (BEAS-2B) cell line. This indicates that compounds 8 and 9 are more sensitive to certain tested cancer cells than normal cells and possess good selectivity.
Compound 9 was found to show the highest cytotoxicity against the HL-60 cell line with an IC 50 value of 2.9 µM. Compound 9 also showed higher potency against the A-549 cell line, with an IC 50 value of 4.42 µM, which is significantly more potent than the control drug etoposide (having IC 50 of 11.92 µM against the A-549 cell line). Furthermore, compound 9 with a hydroxy group at the C-4′ position in the E ring is more active than compound 8 which has a methoxyl group at the C-4′ position. Previously, we had reported the cytotoxic activity of 4β-triazole-podophyllotoxin xylosides (all having IC 50 >40 µM against 5 cancer cell lines). 17 However, we have found in this study that per-butyrylation of the xylose residue leads to increased cytotoxic activity. As compounds 10 and 11 do not show in vitro efficacy, we have calculated the ClogP and polar surface area (PSA) values of compounds 8 to 11 by Sybyl, 18 and the data are shown in Table 2 . According to known procedures, [18] [19] [20] for the most potent topoisomerase (I/II) inhibitors, the PSA value should be less than 100 Å 2 and the logP value less than 5. We found that 2 compounds 10 and 11 have PSA values of 211. 
Experimental

General
The melting points were measured by an X-4 melting point apparatus and were uncorrected. Optical rotations were obtained with a Jasco P-1020 Automatic Digital Polariscope. MS data were obtained in the ESI mode on API Qstar Pulsar instrument; HRMS data were obtained in the ESI mode on LCMS-IT-TOF (Shimadzu, Kyoto, Japan); 1 H-NMR and 13 C-NMR spectra were recorded on Bruker AV-400 or DRX-500 (Bruker BioSpin GmbH, Rheinstetten, Germany) instruments, using tetramethylsilane as an internal standard. Column chromatography (CC): silica gel (200-300 mesh; Qingdao Makall Group Co., Ltd, Qingdao, China). D-xylose and n-butyric anhydride were purchased from Aladdin Chemical Co., Ltd (Guangzhou, China); MTT was purchased from Sigma-Aldrich (St Louis, MO, USA). Dichloromethane and acetonitrile were distilled over calcium hydride. All reagents were commercially available and used without further purification unless indicated otherwise. 4′-Demethylepipodophyllotoxin (7) was synthesized according to the described methods. 15 All reactions were monitored using thin-layer chromatography (TLC) on silica gel plates.
Synthesis of 2,3,4-Tri-O-Butyryl-α-D-Xylopyranose (6)
D-xylose (750 mg, 5 mmol) was suspended in n-butyric anhydride (3.5 mL, 20 mmol) and stirred at 0°C. Iodine (50 mg) was added and stirring was continued for 1 hour. The reaction mixture was diluted with CH 2 Cl 2 (30 mL) and washed successively with aqueous saturated sodium thiosulfate and aqueous saturated sodium bicarbonate solutions. The organic layer was then dried over sodium sulfate and concentrated in vacuo to give the per-butyrylated crude product. The crude product was dissolved in acetonitrile (10 mL), and 25% ammonia solution (0.2 mL, 10 mmol) was added dropwise slowly. The mixture was stirred at room temperature for 6 hours until no starting material was detected by TLC analysis. The solvent was evaporated and the residue was purified by CC (silica gel, petroleum ether 60°C-90°C: ethyl acetate = 4:1) to afford the product 6 ( 1.1 g, 60%) . α/β = 6:1. 
4β-(1″-O-(2″,3″,4″-Tri-O-Butyryl-β-DXylopyranose))Podophyllotoxin (8)
Synthesis of Xyloside Derivatives of Podophyllotoxin 10, 11 (General Method)
To a solution of per-butyrylated xyloside podophyllotoxin derivatives 8 and 9 (0.01 mmol) in methanol (1.0 mL) was added sodium methoxide (0.03 mmol). The resulting mixture was stirred for 2 hours and then the pH of the mixture was adjusted to 7.0 by addition of anhydrous Amberlite ion-exchange resin IRA-400 with the aid of pH indicator paper. The resin was removed by filtration, the filtrate concentrated and the residue was purified by CC (chloroform/methanol 9:1) to afford the podophyllotoxin xyloconjugates. 
4β-(1″-O-(β-D-
Cytotoxicity Assay
Five human cancer lines, human myeloid leukemia (HL-60), hepatocellular carcinoma (SMMC-7721), lung cancer (A-549), breast cancer (MCF-7), and colon cancer (SW480), were used in the cytotoxicity assay. All the cells were cultured in RMPI-1640 or DMEM medium (Hyclone, Logan, UT, USA), supplemented with 10% fetal bovine serum (Hyclone, USA) in 5% CO 2 at 37°C. The cytotoxicity assay was performed according to the MTT method in 96-well microplates. 16 Briefly, adherent cells (100 µL) were seeded into each well of a 96-well cell culture plate and allowed to adhere for 12 hours before drug addition, while suspended cells were seeded just before drug addition, both with an initial density of 1 × 10 5 cells/mL in 100 µL of medium. Each tumor cell line was exposed to the test compound at various concentrations in triplicate for 48 hours. After the incubation, MTT (100 µg) was added to each well, and the incubation continued for 4 hours at 37°C. The cells were lysed with SDS (200 µL) after removal of 100 µL of medium. The optical density of the lysate was measured at 595 nm in a 96-well microtiter plate reader (Bio-Rad 680). IC 50 values were calculated by Reed and Muench's method. 21, 22 
Calculated Molecular Descriptors
Compounds 8 to 11 were built and energy minimized under the Tripos force field with 0.05 kcal/(mol Å). The Gasteiger-Huckel method was used to calculate charges, and energy minimization was performed by the Powell method with 2000 iterations. The global molecular descriptor (ClogP) and PSA were calculated using the Molecular Spreadsheet application in Sybyl 2.0.
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